Organic materials, and in particular, poly(p-phenylene vinylene)s, are being investigated for solid state neutron detection. Semiconducting organics can offer direct detection because of high resistivity, high dielectric strength, natural gamma discrimination due to low Z, and room temperature operation. However, the effective charge collection is dependant on several material processing variables, including solvent choice and concentration, substrate, deposition method and conditions, post-deposition processing, and other factors, all of which can influence the local and bulk order of the material. We have investigated the effects of processing variables on the material order through infrared dichroism. The charge collection of the device was measured with visible laser excitation, and related to the order.
INTRODUCTION
Fast neutron (2 MeV) detection is most commonly accomplished using scintillators. This approach requires no moderation of the neutrons. However, it adds the inefficiency, cost, inconvenience, and bulk of photomultipliers for actually converting the scintillation light into an electronic signal. Gamma discrimination can also be problematic. To improve these factors, we are investigating the unique use of organic semiconductors for detection of ionizing radiation. These materials offer promise for radiation detection because they typically have high resistivity and low dielectric constants, allowing for strong signals and lower noise. Because of their low Z, they offer natural gamma discrimination. High fields can be used to improve charge collection because of the high dielectric strengths. The feasibility of direct electronic particle detection with organic semiconductors has been successfully demonstrated at Sandia National Laboratories 1 , but mobility improvements are needed for practical application.
In particular, the family of poly(p-phenylene vinylene)s, or PPVs, show high resistivity, a wide range of mobility, and reasonable air stability. The large variation in polymer properties makes material selection very important. In this system, neutrons are detected based on a proton recoil reaction with the hydrogenous material, so to improve neutron cross section, a high ratio of hydrogen to carbon is desirable. Once ionized, a high mobility is needed to transport charges across the material. Literature reports state mobilities typically from ~10 -5 cm 2 /Vs to 1x10 -2 cm 2 /Vs, depending on side chain symmetry and processing variables, with symmetric side chains typically showing higher mobilities due to more extended conformations [2] [3] [4] . With these factors in mind, we will focus on a PPV with symmetric hydrogenous side chains, poly[2,5-bis(3′,7′-dimethyloctyloxy)-1,4-phenylenevinylene], depicted in Figure 1 , and hereafter referred to as OC 10 PPV. This material is commercially available, can be solution processed, is reasonably stable in air, and has a H/C ratio of 1.7. Electronic properties of conjugated polymers are not simply a function of the chemistry of the repeating chains of the polymer. They are particularly sensitive to the solvent chosen and concentration used [4] [5] [6] [7] [8] . They are additionally sensitive to processing history, including deposition method and conditions [8] [9] [10] , annealing treatments [2] [3] [4] , and alignment methods [11] [12] [13] [14] [15] . Despite the importance of the various processing variables, there is rather a dearth of quantitative data available in the literature. We utilize various processing methods to improve the electronic properties of OC 10 PPV in order to use the polymer for direct neutron detection. This project focuses on work with previously polymerized samples. Several other groups have demonstrated ordering in polymer precursors, which can then be polymerized [16] [17] [18] . This tends to leave precursor residue in the film, which is difficult to remove. Additionally, precursor alignment is less approachable for scale-up and inexpensive manufacturing techniques such as we desire for a bulk radiation detector system.
Order in a polymer film may be inferred by comparison of infrared spectra taken at orthogonal polarizations. The ratios of the absorbances give a dichroic ratio for each peak, which are related to the structural order of the polymer, with a dichroic ratio of one being a purely amorphous material, and tending toward zero or infinity for perfectly ordered films. This also depends on the angle of the transition dipole for each mode relative to the chain axis. An angle of 54° gives a dichroic ratio of 1, and as the angle departs from 54°, it will show greater dichroism. As the order of the material is increased, the dichroic ratios will change in a quantifiable manner, which should correlate with electrical properties. Infrared dichroism as a tool to measure order in a polymer has been shown to yield similar results to X-ray diffraction and birefringence methods 19 . However, IR dichroism is more sensitive to amorphous materials than X-ray, making it a better technique in this case.
The dichroic ratio, R, is calculated for each absorption peak as the ratio of the absorbance polarized parallel to the stretch direction to the absorbance polarized perpendicular to the stretch direction. From the measured dichroic ratio, it is possible to calculate the Hermans orientation function, as shown below and detailed in the literature 17 . This same orientation function can be determined from X-ray diffraction, birefringence, and refractive index measurements. We will follow the analysis method of Zbinden, 20 which assumes the polymers as rigid rods oriented preferentially in the stretch direction, but with some distribution of angles about the stretch direction. First, the dichroic ratio is expressed as the ratios of the integrated absorbances, A, and related to the angle, α, between the transition dipole for the given mode and the chain axis according to equation 1. The angle α is generally not known. However, for a PPV film, the vibrational mode at 966 cm -1 is an out-of-plane CH vibration, which should be expected to have a moment of 90° for a planar molecule. Thus, it is often assumed to be 90 degrees initially. Experimental results have calculated it to be close at 82 to 84 degrees 17, 21 . If α is known, then the orientation parameter, s, can be determined from equation 1, and used to calculate the Hermans orientation function, f, according to equation 2.
The orientation function varies from zero for a perfectly amorphous sample to one for a completely ordered sample. R and α will be different for most peaks, but s and f should agree for all peaks within reasonable error. 
EXPERIMENTAL DETAILS
OC 10 PPV was obtained from American Dye Source in Quebec, Canada, and used without further processing. The polymer had an average molecular weight (by GPC) of 210,000, and a polydispersity of 5.9. Care was taken to minimize exposure of samples to air and moisture. Samples were stored and processed in a glovebox purged with dry nitrogen to less than 1% relative humidity. However, samples were briefly exposed to air during transfer from the glovebox to measurement stations.
Infrared spectra were obtained using a Digilab FTS 7000 Series with nitrogen purge for the sample chamber. Spectra were obtained with freestanding films to minimize background interference. Unless otherwise noted, spectra shown are background corrected, but not baseline adjusted. Absorbances for calculating dichroic ratios were determined using a local baseline from 1298 to 945 cm -1 . Figure 2 shows an unpolarized FTIR spectrum of an OC 10 PPV film. For polarized tests, a wire grid polarizer was used at orthogonal orientations. Backgrounds were taken separately at each orientation to correct for any differences. Samples were prepared using several methods. As a control, for samples labeled as drop cast, the polymer solution was drop cast directly onto interdigitated electrodes for photoconductivity testing, or onto a bulk PTFE surface, then peeled and tested using FTIR. To examine substrate effects, solution was cast onto a substrate of skived PTFE, which shows some surface ordering, and allowed to dry, then peeled and tested. For alignment testing, a piece of PTFE tape was applied to a mechanical stretching device. Polymer solution was deposited onto the PTFE and allowed to dry completely in an inert atmosphere. The edges of the tape on the stretcher were marked and measured. Once dry, the tape was slowly stretched to various final lengths at a rate of approximately 0.9 inches per minute. Due to some slipping of the tape on the stretching device, not all of the distance increase is experienced by the film. For stretch ratios, the markings on the tape were measured after completion. Samples were tested at stretch ratios of 2.4, 3, and 3.7 times their original length, but this is not believed to be a limit. An additional sample was stretched to a stretch ratio of 3 while in an environment rich with dry methanol, obtained by evaporating large amounts of dry methanol into a glovebox with a dry nitrogen environment. Exposure to a vapor phase solvent has been shown to permanently affect polymer properties by altering their conformation 22 .
Photoconductivity testing was performed with polymer applied to an array of interdigitated gold electrodes on a glass substrate. For these tests, an array with 32µm pitch was used for all tests. A bias was applied across the electrodes during testing. To excite the material, we used a 4.9 Hz pulsed nitrogen laser (SRS NL100) at 337 nm with a rhodamine dye cell tuned to 590nm wavelength, which is near the band edge excitation for this polymer. We used a Stanford Research Systems DG 535 Pulse Generator to control the laser, an Ortec 478 Voltage Source, an Ortec 142A Preamplifier, followed by an Ortec 671 Spec Amplifier using a 6µs shaping time. The signals were analyzed with a LeCroy 6050A digitizing oscilloscope. The maximum signal height, averaged over at least 500 pulses, was taken as the signal intensity. Charge collection was calculated based on a 10% quantum efficiency, as found by Moses 23 . In some cases, due to limited sample size, these were not done with the same samples as the dichroism measurements, but with samples processed similarly and from the same solution. Additional, related tests are previously published 24 .
RESULTS AND DISCUSSION
Due to the complex and disordered nature of the material, the vibrational origins have not been clearly identified for each peak in the FTIR spectrum. Information for selected peaks including wavenumber, absorbances in an unpolarized spectrum, and likely origins are shown in Table 1 . Polarized FTIR spectra were taken of an unstretched film, and of films stretched to different final lengths and in different environments. Figure 3 shows a portion of the FTIR spectra of a sample stretched to three times its original length, taken at orthogonal polarizations. As seen in figure 3 , a stretched sample shows dramatic changes in peak intensities at the two polarizations. The adjacent peaks at 1254 and 1205 cm -1 in particular, show significant change and in opposite directions, so we have chosen these two peaks to trace. The peak at 966 cm -1 will also be traced as it is well known as a C-H out-of-plane vibration, which should have an angle of 90° to the stretch direction 16 . The dichroic ratio is defined in this case as the ratio of the integrated absorbance polarized at 180 degrees to the absorbance polarized at 90 degrees. For comparison, figure 4 shows the polarized spectra of an unstretched film of OC 10 PPV, which shows negligible dichroic behavior. The relative dichroic ratios for five samples of these three peaks are shown in Figure 5 . This shows the clear trend in dichroic ratio away from 1 with increasing stretch ratio, and clearly indicates increasing order in the films. To determine if this was a substrate effect, a sample was also cast onto a pre-stretched substrate with a stretch ratio of three. This sample shows a negligible dichroic response. The sample stretched in methanol vapor shows a possible increase in dichroic response compared to a similarly stretched sample in a nitrogen environment. The FTIR spectra of this sample show no signs of residual methanol in the film. Focusing on the peak at 966 cm -1 , we can now estimate the Hermans orientation function, using equations 1 and 2 and α estimates based on the literature 17, 21 , as shown in Figure 6 . The theoretical angle is 90 degrees, which sets the lower bound on the orientation function, and the referenced papers report experimental values of 82 and 84 degrees.
While there is some calculation difference based on the α angle used, as shown, it is not a very dramatic effect and still trends similarly. Further calculations are based on an angle of 84 degrees. The orientation function for the unstretched film is nearly zero, indicating very little order, and increases to greater than 0.6 for a stretch ratio of 3.7, indicative of increased order in the polymer. We are showing significant improvement in the orientation function with increasing stretch ratios and the trend does not appear to be showing a plateau, indicating that further improvement is likely possible. Using the calculations for the peak at 966 cm -1 , the calculated values of s can be used to calculate the dipole angle for additional peaks, as shown in table 2. The values for α determined based on dichroic ratios at different stretch ratios agree relatively well and are away from 54°, the angle for which there is no dichroic behavior. The values for α show some variation, but with additional data points can be used to strengthen the calculation for the orientation function. Preliminary testing was also performed on similar samples for their electrical properties. As shown in Figure 7 , a stretched film with the stretch direction parallel to the bias direction demonstrated improved charge collection compared to an unstretched film. For similar polymers, it has been shown that carriers are photoexcited directly, and not through a secondary process from interaction with impurities or defects, 23 which would be more sensitive to this processing. This indicates that the difference in photoresponse for the stretched film is unlikely to be due to increased photoexcitation, but rather due to improved transport within the material following excitation. This increased photoresponse correlates well with the measured increase in order and is promising for additional improvement. Additional data points and higher electric field will help clarify this relationship, but early results are promising. 
CONCLUSION
We have demonstrated post-polymerization methods for increasing structural order in semiconducting polymers, and have preliminary data correlating this ordering with improved electrical transport in a PPV derivative. Additional testing and larger data sets will allow quantified information on the effects of processing and structure property correlations. This method of solid state polymer alignment, combined with additional processing improvements, shows promise for even further improvements in the material long-range order, and thus electronic mobility. With these additional advances, it should be possible to demonstrate sensitive, direct neutron detection with a semiconducting polymer system. The knowledge gained from this research will aid improvements in many other devices as well.
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